S U M M A R Y Trains of 100 to 200 stimuli result in F discharges from less than one half of motor units of hand muscles. The maximum observed F discharge frequency was 10%. There was no relation between the surface voltage of motor unit potentials and the frequency of F discharge. The motor unit potentials of larger surface voltage were recruited at higher stimulus intensity levels, usually supramaximal for the antidromic sensory nerve action potential. No correlation was observed between F latency and the surface voltage of the motor unit potentials. In only one pathological example was a clear interaction observed between the frequency of F discharge in motor unit potentials and the recruitment of other single motor unit potentials by increments in the stimulus intensity. The observations suggested that caution should be exercised before the F discharge is accepted as a method for measuring proximal conduction times in human motor nerves.
The F motoneurone discharge has been used to measure conduction times over proximal segments of nerves (Kimura, 1974; Kimura et al., 1974; Kimura and Butzer, 1975; King and Ashby, 1976; Eisen et ci., 1977a, b) . The method must, however, take account of known characteristics of the F discharge. The F discharge, for example, represents the summation of the recurrent discharges of individual motor unit potentials (MUPs) that vary in voltage and latency from MUP to MUP, even though the latencies for any particular MUP remain remarkably constant from stimulus to stimulus (Bergmans, 1970; Trontelj, 1973a, b; Trontelj and Trontelj, 1973; Feasby and Brown, 1974; Stalberg, 1977, 1978) . Moreover, the F discharge frequency for individual MUPs is low (Bergmans, 1970; Feasby and Brown, 1974; Schiller and Stalberg, 1978) .
These observations made it critically important to have a better understanding of the factors that determine the chance of F discharge in MUPs. For Methods previously used (Feasby and Brown, 1974) , together with more recent techniques for investigating single MUPs at threshold (Kadrie et al., 1976; Kadrie and Brown, 1978) , were chosen to look at the above questions. The results suggested that caution should be exercised in the acceptance of the F discharge as a method for measuring proximal conduction times in human nerves.
Subjects and methods
The results described were obtained from healthy volunteers between 25-40 years of age, except for one example from the ulnar nerve of a patient with Guillain-Barre polyneuritis.
To investigate F discharges with stimulation at, or close to, motor threshold, the multiple point stimulation method was used (Kadrie et al., 1976; Kadrie and Brown, 1978) . The original intention to relate MUP peak-to-peak voltage (p-pV) to the respective M and F latencies failed because only a statistically insignificant number (four) of stimulation points were encountered where the thresholds of the first two to four MUPs were sufficiently separate and F discharges occurred in at least two or more of the motor units to permit the intended comparisons.
The effect of changes in the stimulus intensity on the F discharge was tested on 10 ulnar nerves and two median nerves. The nerves were stimulated at the level of the wrist at a rate of one per second, and at intensities sufficient to evoke direct M responses from the respective hypothenar or thenar muscles 10, 25, 50, and 100% of the maximum compound muscle potentials. At each level of stimulus intensity 100 or 200 stimuli were delivered. The surface voltages of single MUPs in the F discharge at the respective fixed stimulus intensity levels were compared. Except at or just above motor threshold and even with the use of the single fibre EMG electrode it was not possible, in our experience, to compare directly unit discharges from the direct M and late F responses. Therefore, to be accepted as a true single MUP, MUPs from the F discharge were required to meet three criteria: (1) the potential repeated and was identical in configuration and surface voltage, (2) the potential varied in latency by less than 100 microseconds, and (3) the likelihood was negligible that the potential represented the sum of two or more MUPs.
The last criterion was based on the assumption first put forward by one of us in 1974 (Feasby and Brown, 1974) threshold; the problem of overlapping motor unit firing levels limited to 30 the number of second MUPs and 10 third MUPs that could be isolated above threshold (Fig. 7) . Figure 7 illustrates the relationship between the surface voltages and F latencies for hypothenar MUPs from nine control subjects. There was no significant correlation between the two parameters. For nerve stimulation at the level of the wrist, the latency range of F MUPs was between 1.1 and 7.0 ms (mean 2.8 ms), the corresponding range and mean for F MUPs isolated by stimulation at the level of the elbow being 1.7-2.3 ms (mean 2.0 ms).
This evidence suggested a possible breakdown in the relationship between F latency and MUP surface voltage for conduction over proximal segments of the peripheral nerve. This lack of correlation, though not systematically investigated at the time, was apparent in our first investigation of the F discharge (see 
Discussion
The F recurrent discharge is an unnatural event that results from the reactivation of the motoneurone initial segment or first node consequent to antidromic invasion of the soma-dendritic tree by an antidromic pulse originating at a more peripheral location on the motor axon (Eccles, 1955; Dawson and Merton, 1956; Thorne, 1965; Gassel and Wiesendanger, 1965; McLeod and Wray, 1966; Bergmans, 1970; Trontelj, 1973a) . The variability observed in the latency and pattern of the F discharge results from the fact that it represents the sum of the relatively infrequent F discharges in a limited fraction of the total population of motor units, the latency for any particular MUP F discharge being quite fixed (Bergmans, 1970; Trontelj, 1973a; Trontelj and Trontelj, 1973; Feasby and Brown, 1974; Yates and Brown, 1977; Schiller and Stalberg, 1978) .
Measurement of the F discharge latencies has been suggested as a practical method for measuring motor conduction times over proximal segments of human peripheral nerves (Kimura, 1974; Kimura et al., 1974; Kimura and Butzer, 1975; King and Ashby, 1976; Eisen et al., 1977a,b) . Criti- cal acceptance, however, of measurements of proximal conduction times using this method make it necessary to be certain that the MUPs used to measure the F latency are the shortest conduction time MUPs and more evidence that the central delay for a motor unit F discharge is close to 1.0 ms for all units.
It was evident in this and previous investigations that, in healthy humans, the expectation for MUP F discharge is one in 10 or less, at least at motor threshold (Bergmans, 1970; Feasby and Brown, 1974; Yates and Brown, 1977; Schiller and Stalberg, 1978) only about one in four motor units having an F discharge in response to 100 consecutive stimuli delivered at one per second. The fraction of motor units with an F discharge varied from zero to close to 50% of motor units, depending on the subject and the length of the stimulus trains.
The proportion of motor units with F discharges as expected increased the longer the stimulus train (Bergmans, 1970; Schiller and Stalberg, 1978) . Obviously, in the clinical situation, there is a practical limit to the length of the test train. If the test train is too short, for example 10 stimuli or less (Eisen et al., 1977a,b) , the number of MUPs included in the F discharge could be too limited to be representative in surface voltage or latency oif the motor units with the shortest conduction time. On the other hand, if the stimulus trains are too long, the test may be too uncomfortable and require too much time to be practical. In pathological nerves occasional motor units have much higher F discharge frequencies (Brown and Yates, unpublished) . From our observations, a practical limit to the stimulus train was 50 stimuli. A longer train did not significantly increase the total number of units with F discharges; a shorter train included too few MUPs in the F discharge to be representative.
There was no evidence in this investigation that the probability of F discharge was related to the MUP surface voltage or latency. This point is important because MUPs with higher expectations of F discharge have the best chance of being recorded using short stimulus trains (10 or (Feasby and Brown, 1974) and that in the direct M discharge MUPs were recruited from small to larger surface voltage and longer to shorter latency by increments in the stimulus intensities delivered to the nerve (Kadrie et al., 1976; Kadrie and Brown, 1978) . In this investigation, more evidence that the larger MUPs are recruited into the F discharge at higher stimulus intensities was presented. The increase in the mean MUP surface voltage evoked by successively higher stimulus intensity levels was, in part, the result of recruitment of units with larger MUPs but reflected, too, the dropout of smaller MUPs recruited at lower stimulus intensities. It follows from these observations that supramaximal stimulation probably biases the F MUP population to larger MUPs, a happy bias if, in fact, these MUPs had turned out to have the shortest latencies.
What mechanisms explain the effect of the stimulus intensity on the F discharge? In view of the comparative excitabilities of the larger sensory fibres and motor fibres evident in Fig. 4 , and the not unreasonable view that inputs from higher threshold sensory fibres could not reach the ventral horn in time to change motoneurone excitability before the arrival of the antidromic motor inputs, there must be mechanisms whereby antidromic motor inputs in motor fibres can change the probability of unit F discharge. Such an interaction was not observed for single MUPs with F discharges at motor threshold in the few examples in which it has been tested in this investigation and from the previous experience of Bergmans (1970) .
In disease states, however, as in the example of Guillain-Barre polyneuritis illustrated by Fig. 6 , evidence was presented to support the view that recruitment of individual MUPs could change the probability of F discharge in a single MUP, being capable both of increasing and decreasing that expectation. Obviously, if the recruitment of single MUPs is to change the frequency of MUP F discharge, the inputs from conditioning MUPs must reach the motoneurone in time to change the neurone excitability at or just before invasion by its own antidromic action potential. Mechanisms for changing the excitability of other motoneurones by antidromic inputs include recurrent inhibition by Renshaw cells, and recurrent direct excitation (transynaptic) (Cullheim et al., 1977; Gogan et al., 1977) interaction between motoneurones (Ryall et al., 1972 ) membrane potential changes induced by changes in the extracellular potentials from the ventral horn being a less likely source (Eccles et al., 1954; Eccles, 1955) .
In the Methods section, the third criterion necessary for accepting unit discharges as true (Kadrie et al., 1976; Kadrie and Brown, 1978) . This lack of a relationship between F MUP latency and MUP surface voltage was hard to explain. One possible explanation was that the latency of MUPs in the F discharge could not be measured properly, particularly at high stimulus intensities where F discharges were superimposed on large positive deflections from the direct M response. The latter probably limited the accuracy of the latency measurements but the resultant errors would be true for MUPs of all sizes and, in our view, were unlikely to account for the lack of correspondence between MUP surface voltage and F latency observed in this investigation.
If technical factors could not fully account for the breakdown in the relationship between MUP F latency and surface voltage, the breakdown must occur at the level of the proximal peripheral nerves, roots, or spinal cord. The conduction velocities in the brachial plexus and nerve roots have been reported to be less than across more distal peripheral nerve segments in the baboon in situations where the lengths of the various segments could be measured accurately and the temperature controlled (Clough et al., 1968) .
Another possibility was that there could have been differences between motor units in the central delay for motoneurone reactivation sufficient to account for the lack of a relation between MUP surface voltage and F latency. There has been no systematic investigation of the F discharge in mammalian motoneurones, and certainly no systematic investigation of possible differences in the central latency from one motor unit to another, and no attempt to relate the frequency of F discharge or the proximal conduction velocity to the motor unit or its functional type or MUP size. Eccles (1955) has stated that the central delay must be close to 1.0 ms but there are no records illustrating this directly (Eccles, 1971 personal communication) . In invertebrate giant neurones, central delays much longer than 1.0 ms have been measured (Tauc, 1962a,b) .
Therefore, there are probably unknown factors operating at the level of the proximal peripheral nerve roots or spinal cord that bring into question the validity of the F discharge method as an accurate measure of proximal peripheral nerve conduction time. To use the F response to measure proximal conduction times requires that all motor units have a more or less uniformly short central delay in health and disease and the certainty that the shortest latency F motor units recruited using supramaximal nerve stimulation truly represent the maximum conduction velocities for units over that segment. In view of the fact, particularly for short stimulus trains, that only a very limited proportion of motor units contribute to the F discharge, it seems reasonable to question the validity of such latency measurements as indices of proximal conduction time until further experimental evidence is forthcoming.
